Introduction
Polycyclic aromatic hydrocarbons (PAHs) are af ocus of current research because of their electronic, optical, structural, and self-organizing properties and thus are interesting materials for nanotechnologies. Our interesti nt hese compounds derives from the fact that PAHs constituteo ne of the most abundant families of molecules in interstellar space. [1] They are formed in carbon-rich starsb yc hemical reactions that also take place in combustion processes on earth. [2] Most likely,e thynyl derivatives are intermediates in the formation and growth processes of PAHs, ando ligoalkynyl derivatives may also be involved. For example, ethynylbenzene, diethynylbenzene, ethynylnaphthalene, and butadiynylbenzene werei dentified in the combustion process of smallh ydrocarbons. [3, 4] Several ethynyl-substituted PAHs were also found in the combustion of primary tar, [5] and as productso ft he pyrolysiso fc atechol, [6] the dominating phenol in tobacco smoke.
In ar ecent article, we presented the UV/Vis spectra of Ne matrix-isolated ethynyl-and 1,3-butadiynyl-substituted PAHs. [7] We also recorded the IR spectra of these compounds embedded in CsI pellets. [7] Subsequently,w em easured the UV/Vis spectrum of Ne matrix-isolated9 ,10-diethynylanthracene. [8] These studies prompted us to investigate butadiynyl-and hexatriynyl-substituted PAHs by reversed-phase high-performance liquid chromatography (RP-HPLC) for the determination of their experimental retention data. Our experimental data are useful for the identification of these compounds in samples analyzed by RP-HPLC and offer the possibility to establishq uantitative structure-retention relationships( QSRRs). [9] Retention values are the retention time, the retention index, and the retention factor (also called capacity factor). The mechanism of retention in RP-HPLC is widely described in terms of partitiona nd adsorption, which denotet he positioning of the retained analyte in relation to the alkyl chains of the stationary phase. [10, 11] Modeling of these processes is complex because variousi nteractions are involved in as ystem that comprises the analyte molecules,t he alkyl chains of the stationary phase, and also the solventm olecules of the mobile phase. [12] Althoughlinear solvationenergy relationshipsrepresent ageneral approacht om odeling retention, [13] the parameters required to describe the analytes as solutes are often not readily available.
Reversed-phase high-performance liquid chromatography (RP-HPLC) has been carriedo ut for as eries of unsubstituted polycyclic aromatic hydrocarbons (PAHs) and the corresponding ethynyl, 1,3-butadiynyl, and 1,3,5-hexatriynyl derivatives. Theoretical values of the isotropic polarizabilitya nd several polarity descriptors have been computed for each compound by using semiempirical models and density functional theory (DFT), with the aim of evaluating linear functions as quantitative structure-retention relationships( QSRRs). The polarity has been described by using either the permanent electric dipole moment, the subpolarity,o ratopological electronic index. Three types of partial atomicc harges have been used to calculate the subpolaritya nd at opological index. Thec hoice of the theoretical model,o ft he polarity descriptor,a nd of the partial atomic chargesi sd iscussed andt he resulting QSRRs are compared. Calculating the retention times from the polarizability and the topological electronici ndex (AM1, PM3, or DFT-B3LYP/6-31 + G(d,p))gives the best agreement with the experimentalv alues.
On the other hand, structure-related molecular properties can be computed easily and simple functions of these descriptors can predict retention values despite the complexity of the phenomenon. Examples of descriptors employed in the QSRRs of PAHs are the number of carbon atoms, [14] connectivity indices, [15] moleculars izes, [16] the moment of inertia, [17] and the quadrupole momenttogether with the polarizability. [18] We analyzed retention data obtained for the unsubstituted, ethynyl-, butadiynyl-, and hexatriynyl-substituted PAHs. In an earlier work, Ledesma and Wornat studied as eries of unsubstituted and ethynyl-substituted PAHs. [19] To establish QSRRs,w e investigated the linear relationshipso ft he retention times for the compounds 1-4 with the polarizability and polarity descriptorsderived from theoreticalcalculations ( Figure 1 ).
Results and Discussion

Retention Time
The experimentally observed total retention times t R and the correspondingr etention factors k of the compounds 1-4 obtained by RP-HPLC are given in Ta ble 1. As expected, t R increases with the number of carbon atoms presenti nt he molecule. [14] The corresponding chromatograms confirmt he purity of the samples ( Figure S1 , Supporting Information).
Molecular Descriptors
Ledesma and Wornate stablished QSRRs for PAHs and their ethynyl derivatives by using severalm olecular descriptors, [19] which are the principal moment of inertia,t he total energy, the isotropic polarizability a,t he ionization potential, the permanent electric dipole moment m,a nd the quantum chemical submolecular polarity D (also called the subpolarity parameter). [19] [20] [21] Based on that study,wefocused on a, m, D,and, additionally,o nt he topological index T E . [22] All these descriptors are related to electrostatic properties and consequently to intermolecular potential energies. As the physical values of the descriptorsa re in most of the cases not known,t he establishment of QSRRs requires theoretical values that can be computed by application of various methods. We have calculated the descriptors by using the semiempirical AM1, [23] PM3, [24] PM6, [25] and PM7 [26] models. In addition, we have appliedt wo DFTbased programs. In the course of our previous work on polyynyl-substituted PAHs, [7] the widely used B3LYP hybrid functional [27] [28] [29] was employed in combination with the cc-pVTZb asis set. [30] [31] [32] This combination has been used again in the present study.F urther results have been obtained by applying the B3LYP functional in combination with the 6-31 + G(d,p)b asis set. [33] 
Polarizability
Theoretical values of the polarizability a have been compared with experimental values reported in the literature for the unsubstituted PAHs (Table S1 in the Supporting Information). The valueso btainedd irectly with the AM1, PM3, and PM6 models, using any version of the Gaussian software or early versions of MOPAC, are strongly underestimated. The 2012 version of the MOPAC program [34] includes ac orrection for the computation of the polarizability[ Eq. (1)]:
n C :n umber of carbon atoms in the molecule; n H :n umber of hydrogen atoms; a, C 1 , C C , C H :n umerical parameters specific to each model. [34] Linear regressions showed that the polarizabilities obtained from the corrected semiempiricalP M6 and PM7 modelsa nd the DFT-based calculations are in bettera greement with the experimental values for the unsubstituted molecules. [35] [36] [37] According to previousr eports, the PM6 model provided better results than AM1 and PM3 for PAHs and fullerenes. [38] Still, the best results have been obtained with the DFT-B3LYP/6-31 + G(d,p) approach. Although the 6-31 + G(d,p) basis set is smaller than the cc-pVTZ basis set, it comprises diffuse functions, which are known to improve the results of various calculations including the determinationo fp olarizabilities. [39] Lacking experimental values for the substituted molecules, we use the results obtained from the DFT-B3LYP/6-31 + G(d,p) approacha sareference to visualize possible differences between the polarizabilities computedb yv arious models. Figure 2s hows that the PM6, PM7, DFT-B3LYP/cc-pVTZ,a nd DFT-B3LYP/6-31 + G(d,p) approaches provide similarv alues for the polarizability.I nc ontrast, the AM1 and PM3 models give values that deviatew ith increasing length of the polyynyl side chain. These resultsc onfirm that the values for the polarizability of the polyynyl-substituted PAHs obtained from the AM1 and PM3 models are not reliable even with the correction applied in MOPAC 2012 (see above).T heir use in QSRRs should be avoided in favor of the values computed with the more recent PM6 and PM7 modelsorw ith the DFT approaches.
Electric Dipole Moment
The theoretical values for the permanent electric dipole moment m of the substituted PAHs have been calculated by using semiempirical models and DFT( Ta bleS2i nt he Supporting Information). For the structurally relatedp henylacetylene, an experimental value for m is available and thus could be compared with the theoretical value. [40] Among the unsubstituted PAHs, only compound 3a has an on-centrosymmetric structure and thus ap ermanent electric dipole moment. However,i ts magnitude is negligible. [41] As observed for the polarizability of unsubstituted PAHs, the permanent electric dipole momento fp henylacetylene is better estimated by using the DFT-based methodsa nd the PM6 and PM7 models. Our DFT calculations overestimate m by approximately 10 %, whereas the PM6 and PM7 models underestimate the value by about 10 %a nd 20 %, respectively.T he values derived from the AM1 and PM3 modelsa re 60 %a nd 75 %t oo low.T hus, the values of electric dipole moments computed with the PM6a nd PM7 modelsorD FT-based methods should be used for QSRRs.
Submolecular Polarity
In Ledesma and Wornat'ss tudy of PAHs and their ethynyl derivatives, [19] the most accurate QSRRs were obtainedb yc ombining the polarizability a and the submolecular polarity D calculated by AM1. The submolecular polarity,o rs ubpolarity,c orresponds to the largestd ifferencei np artial chargef or two bound atoms. It considers the role of local electric dipoles of an analyte and its interaction with the molecules of the mobile and stationary phases. [20] The subpolarity is am ore realistic indicator of molecular polarity than the electric dipole moment. The overall dipole moment m does not provide information on local dipoleso famolecule. For example, the value of m for ac entrosymmetric molecule is zero, irrespectiveo fl ocal dipole moments.
The positiono ft he polarity-defining bond in the molecular structure has not been considered for the determination of the subpolarity D. However, the exposure of this bond to solvent molecules, whichd epends on steric effects, is crucial. The concept of subpolarity hasl imitations because partial atomic charges can be determined by variousm ethods. For instance, the so-called Mulliken charges can vary significantly and fail to describe the ionic or covalent nature of ab ond, as in the case of hydrocarbons. [42, 43] Regarding other methods, partial charges derived from the atomicp olar tensors (APTs) appear satisfactory. [43] The CHELPG (CHarges from ELectrostatic Potentialsu sing aGrid-based method) scheme determines partial charges in accordancew ith the value for the electrostatic potentiala ts elected locations of the molecule. [44] [45] [46] Subpolarity values have been calculated by using the partial charges derived from the self-consistent field electronic density (TablesS3a nd S4 in the Supporting Information). Mulliken and atomic polar tensor charges and subpolaritiesh ave been computed by using arange of theoretical models. Subpolarities obtained from the CHELPG charges are added for the B3LYP/6-31 + G(d,p) approach. All partial charges were obtained by using the Gaussians oftwaree xcept for those derived with the PM7 model.T he PM7 Mulliken charges were computed with MOPAC 2012 (Coulsonc harges computed with MOPAC have been taken into account as they are equivalent to the Mulliken charges calculatedw ith Gaussian). Figure 3r epresents the electrostatic potential V of anthracene (2a)a nd its derivatives 2b-e at an electronic isodensity surfaceo btained at the B3LYP/6-31 + G(d,p) level of theory from the self-consistentf ield full density matrix. The largest differenceo fp otential is observed at the acetylenic CÀHb ond. The same calculation carriedo ut for the compounds 1, 3,a nd 4 shows that this result applies to all polyynyld erivatives (Figure S2 in the Supporting Information). As light increase for the maximum value of the electrostatic potentiali so bserved with increasing length of the side chain. In the unsubstituted PAHs, aromatic CÀHb onds are the sites of the largest potential differences. Their maximum values are significantly lower than those obtained for the polyynyl-substituted PAHs.
The Mulliken subpolarities D MULL (see Ta ble S3 in the Supporting Information) obtained from the semiempirical models are not overestimated as they are below 0.5 e. For all substituted compounds, the most polar bond is the acetylenic CÀH bond, irrespectiveo ft he semiempirical model employed. This observation is in agreement with the electrostatic potentials computed at the DFT level. Thus, the value of the subpolarity essentially reflects the absence (D MULL % 0.20-0.35 e) or presence (D MULL % 0.33-0.43 e) of aP AH polyynyl side chain. The subpolarity decreases slightly for longers ide chains, whereas (Tables S2 and S3 in the Supporting Information). The inverse behavior of the two polarity descriptors is rationalized by the fact that the subpolarity D relatest oalocal polarity whereas the electric dipole moment m represents the overall polarity of the molecules.
The Mulliken subpolarity of the non-substituted and ethynyl-substituted molecules computed at the DFT-B3LYP/cc-pVTZ level providesv alues in the same order of magnitude as those obtained with the semiempiricalm odels. However,i nc ontrast to the resultsw ith the semiempirical models, the values for the subpolarity increase with the size of the polyynyl group up to % 0.88 ef or the hexatriynyl-substituted species. At the DFT-B3LYP/6-31 + G(d,p) level of theory,t he subpolarityc omputed by using the Mulliken charges provides overestimated values up to % 2.6 e.
The subpolarityc alculated by using the APT chargesr eaches av alue of almost 0.9e at the B3LYP/6-31 + G(d,p) level of theory (Table S4 in the Supporting Information). The values derived from the semiempirical modelsr each up to % 0.77 e. They indicatet he absence (D APT % 0.19-0.45 e) or presence (D APT % 0.54-0.77 e) of an acetylenic side chain. Thus, the subpolarity is an adequate molecular descriptor if the molecule has au nique bond, significantly more polar than all others.
Topological ElectronicIndex
By using semiempirical models, the topological index calculated with Mulliken charges (T E MULL )i sh igherf or substituted PAHs than for the corresponding unsubstituted molecules (Table S5 in the Supporting Information). With the AM1 and PM3 models, T E MULL becomes substantially larger for the 9,10-diethynylanthracene (2e)t han for the mono-substituted anthracenes 2b-d.T hus, in contrast to the subpolarity D MULL ,t he index T E MULL is sensitive to the number of acetylenic CÀHb onds. Ta ble S6 (in the Supporting Information) presents values of the topological index calculatedwithAPT and CHELPG charges, T E APT and T E CHELPG ,r espectively.T he trend for the value of T E APT within as eries of substituted PAHs is independent of the theoreticalm odel used for the relevant charges (Table S6 in the Supporting Information). T E APT increases with the length of the side chain. Using all models, the value of T E APT for 2e is larger than for 2c,a nd using the AM1 and PM3 modelsi ti sa lso larger than for 2d.T he values of T E APT as af unctiono fs ubstitution follow the same trend as the electrostatic potentials calculated with DFT,w hereas the values of T E CHELPG computed by using the B3LYP/6-31 + G(d,p) model do not.
Resulting Quantitative Structure-Retention Relationships
We have established QSRRs by correlatingl inear functions of two variables,t he polarizability a and one of the polarity descriptors( m, D,o rT E ), to the observed retention times t R (Table S7 in the Supporting Information). Parameters describing the quality of the regression for t R are also presented in Ta ble S7.I na greement with Ledesma and Wornat'sf inding, [19] our results show that the linear functions of polarizabilitya nd polarity in all cases correlate well with the total retention time: r > 0.97. None of the regressionsu sing m as the polarity descriptor give the best correlations.I nc ontrast, all regressions using T In the QSRRs, the sign of the coefficient for each descriptor provides informationo nt he interactions governing the retention behavior. In all QSRRs, the coefficient for the polarizability a is positive, indicating that PAHm olecules with larger polarizabilitiesa re eluted more slowly.I nc omparison, the sign of the coefficient for the polarity descriptor (m, D,o rT E )v aries. For ag iven polarizability a and an egative coefficient forthe polarity descriptor,ahigherp olarity leads to af aster elution, as con- (Table S8 in the Supporting Information).
Conclusions
We successfully performed RP-HPLC for as eries of PAHs consisting of the parentc ompounds as well as ethynyl, 1,3-butadiynyl, and 1,3,5-hexatriynyl derivatives. We have investigated the dependency of their retention times as al inear functiono f the polarizability a and polarityd escriptors m, D,a nd T E for QSRRs. The best results wereo btained by calculating either a and T E by using DFT at the B3LYP/6-31 + G(d,p) level or by calculating a, D,a nd T E values with the AM1 and PM3 models. Finally,the most reliable QSRRs, resulting from the present gradient-elution RP-HPLC data, shows al inear correlation of the retention time t R with the isotropic polarizability a and the polarity T E .I nc onclusion, the present results may be applicable for calculating the retention times of structurally related (oligo)alkynyl-substituted arenes. Moreover,t he data could be useful for the identification of these compounds in environmental samples.
Experimental Section Chemical Reagents
The substances included in our study are the unsubstituted PAHs naphthalene (1a), anthracene (2a), phenanthrene (3a), and pyrene (4a). The ethynyl derivatives are 1-ethynylnaphthalene (1b), 9-ethynylanthracene (2b), 9,10-diethynylanthracene (2e), 9-ethynylphenanthrene (3b), and 1-ethynylpyrene (4b). The butadiynyl-substituted species are 1-butadiynylnaphthalene (1c), 9-butadiynylanthracene (2c), 9-butadiynylphenanthrene (3c), and 1-butadiynylpyrene (4c). Finally,t he hexatriynyl derivatives are 1-hexatriynylnaphthalene (1d), 9-hexatriynylanthracene (2d), and 9-hexatriynylphenanthrene (3d). The structures of the substances are depicted in Figure 1 .
The unsubstituted PAHs as well as compounds 1b and 3b were purchased from Sigma-Aldrich whereas 4b was purchased from ABCR. Samples of 2b, [47, 48] 2e, [49] [50] [51] 1c, [52] 1d, [52, 53] 2c, [54] 2d, [54] 3c, [55, 56] 3d, [55, 56] and 4c [57] were prepared by following the approach as shown for the alkynyl-substituted anthracenes (Scheme 1, Supporting Information). Thus, the ethynyl-substituted anthracenes 2b and 2e were obtained by aN egishi-type coupling [58] [59] [60] [61] of 9-bromoanthracene or 9,10-dibromoanthracene with ethynyltrimethylsilane (Scheme 1, step a) following ap rocedure by John and To ur. [62] Subsequent protodesilylation by using K 2 CO 3 in methanol provided the free terminal acetylenes (Scheme 1, step b). In our hands, this approach turned out to be more efficient than the Sonogashira-Hagihara protocol, [63] which has been employed by Jäschke et al. [64] and Fallis et al. [65] for the synthesis of 2b.ANegishi-type reaction of bromoarenes with chloro(trimethylsilylbutadiynyl)zinc, which was generated in situ from bis(trimethylsilyl)butadiyne by treatment with nBuLi and zinc chloride, led to the trimethylsilylbutadiynyl-substituted arenes (Scheme 1, step c). This protocol includes as elective monodesilylation of bis(trimethylsilyl)-butadiyne by nBuLi. Consequently,w ec ould apply the same conditions for the coupling of bromoarenes with bis(trimethylsilyl)butadiyne as for the coupling with ethynyltrimethylsilane. Monodesilylation of bis(trimethylsilyl)butadiyne and transformation into an alkynylzinc reagent was described earlier by Frauenrath and coworkers by using MeLi·LiBr in Et 2 O, [66, 67] ar eagent frequently applied for the monodesilylation of bis(trimethylsilyl)alkynes. [68] [69] [70] [71] [72] [73] [74] The (trimethylsilylbutadiynyl)arenes were protodesilylated by using K 2 CO 3 in methanol. It should be noted that the trimethylsilyl-protected butadiynylarenes are stable and can be handled without special precautions. However,t he free butadiynylarenes decompose under the influence of heat and/or light. Therefore, light should be excluded during the synthesis and heating above room temperature has to be avoided. Removal of the solvents was achieved under reduced pressure at 5-10 8C. The synthesis of the hexatriynylarenes 1d, 2d,a nd 3d was achieved by using an oxidative Glaser-Hay coupling between butadiynylarenes and ethynyltrimethylsilane (Scheme 1, step d) . [56, 75] Owing to extreme instability, desilylation of the hexatriynylarenes required even milder conditions and was achieved by reaction of the trimethylsilylalkynes with silver nitrate to the corresponding silver alkynylides by following aprocedure of Schmidt and Arens. [76] The latter were converted to the free alkynes by addition of ac oncentrated aqueous solution of potassium cyanide (Scheme 1, step e). The alkynylarenes and their trimethylsilyl-protected precursors have been structurally confirmed by 1 HNMR, 13 CNMR, IR, mass spectra, and elemental analyses. Owing to the low stability and low solubility,t he hexatriynylarenes 1d, 2d,a nd 3d have been characterized only by 1 HNMR spectroscopy.M oreover,w henever possible, the absorption spectra acquired during the RP-HPLC procedure were compared with the corresponding literature data and showed an excellent agreement. Data were found for the unsubstituted PAHs, [77] and for the derivatives 1b, [77] 1d, [52] 2b, [48] 2c, [54] 2d, [54] 2e, [49] 3b, [55, 77] 3c, [55] 3d, [55] and 4b. [77] Figure S1 (in the Supporting Information) shows the chromatograms. The absorption spectra measured during the RP-HPLC procedure are shown in Figure S3 (in the Supporting Information) and the wavelengths of the observed absorptions are reported in Ta ble S9 (in the Supporting Information). The numerical data derived from the 1 HNMR, 13 CNMR, IR, and mass spectra, and from the elemental analyses are reported in the Supporting Information. The NMR spectra are shown in Figures S4-S52 (Supporting Information).
Instrumentation
The HPLC apparatus was aJ ASCO system equipped with solvent delivery pumps model PU-2080 Plus and ad iode array detector model MD-2010 Plus. The detector covered the wavelengths from 195 to 600 nm. As stationary phase, we used ap olymeric C18-type column ReproSil PAH-EPA( Dr.M aisch HPLC GmbH), with grain size of 5 mm, length of 250 mm, and diameter of 4mm.
Procedure
Mobile phase:M eCN/H 2 O. Gradient elution with an initial ratio of MeCN/H 2 O = 1:1. After 5min, the concentration of MeCN was increased linearly to obtain 85 %M eCN over ap eriod of 10 min. Then, it was increased further up to ac oncentration of 100 % MeCN after ap eriod of 5min and was kept at this level. Flow rate: 1mLmin
À1
.T he temperature of the column was maintained at 30 8C. For each substance, the injected volume was 100 mL. The chromatograms were monitored by measuring the absorption at 254 nm with an interval of 0.5 s. Simultaneously,a bsorption measurements were recorded at all wavelengths from 195 to 600 nm in 1nmi ncrements ( Figure S3 , Ta ble S9 in the Supporting Information).
The reproducibility of the RP-HPLC procedure was demonstrated by repeating the t R measurements (variations of t R : 0.03 min). An accurate determination of the hold-up time t M was not possible, but it can be estimated from the signal caused by the change of the refractive index when the injected mobile phase passes the detector.T he time corresponding to the first maximum in the signal varies from 1.442 to 1.658 min in the measurements given in Ta ble 1, with an average value of 1.577 min. Thus, av alue of 1.58 min has been estimated for t M .
Computational Methods
All calculations were performed with the Gaussian 09 software, [78] with the exception of those involving the PM7 semiempirical model, which is not implemented in this version of the software. Care was taken to always employ the predefined ultrafine grid for the computation of integrals. The calculations with the PM7 semiempirical model were carried out with the MOPAC 2012 program. [23] When required, the calculations with the AM1, [23] PM3, [24] and PM6 [25] models were run asecond time with MOPAC 2012.
For determination of the molecular properties, the following protocol was applied. First, the geometry of the molecule was optimized while imposing the tight and precise convergence criteria implemented in the Gaussian 09 and MOPAC 2012 softwares, respectively.D uring optimization, the structure was constrained to the relevant symmetry,e ither C s , C 2v ,o rD 2h .T hen, the vibrational modes were calculated to verify that the optimized geometry corresponded to aminimum on the potential energy surface. The values of selected molecular descriptors were calculated by using the same model as for geometry optimization. The calculated descriptors are the isotropic polarizability a,t he permanent electric dipole moment m,t he quantum chemical submolecular polarity D, [20, 21] also called subpolarity, [19] and at opological electronic index T E . [22] 
